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VOLUMETRIC AND SYMMETRY COMPARISON OF INTRACRANIAL 
MATTER BETWEEN PRE-TERM AND FULL TERM CHILDREN 
MYOUNG KIM 
 
ABSTRACT 
Background: Pre-term delivery is known to cause developmental problems due to the 
fragile nature of the premature brain. In particular, ventriculomegaly is a commonly 
observed phenomenon due to the hemorrhaging of the germinal matrix, and may cause 
alterations in the volumes of gray matter, white matter and cerebrospinal fluid in growing 
pre-term children.  
Methods: The volume and symmetry of a sample population of ELGAN (Extremely Low 
Gestational Age Newborns) and normal-term population obtained from the NIH Study of 
Normal Brain Development was evaluated. The ELGAN group consisted of 88 subjects 
from age group 9 to 11 and the normal-term group consisted of 68 subjects from age 
group 7 to 11. Magnetic resonance images were taken from both samples and the 
intracranial matter was measured and segmented.  
Results: Histograms of the obtained volumes showed a normal distribution and statistical 
analysis for each sample group and gender. The ELGAN group had higher intracranial 
volumes and showed statistically significant asymmetry that was not present in the 
normal term population with a larger right brain than left brain. 
  vii 
Discussion: Results indicate that preterm delivery may alter processes that allow for 
symmetrical brain development and heavily favor the relative higher expansion of the 
right side of the brain. 
Conclusion: Further analysis of the concentration and location of the white matter and 
gray matter in both preterm and normal term children is necessary in order to understand 
the adaptive mechanisms that may be activated in order to offset the damage done to the 
premature brain. 
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 1 
INTRODUCTION 
 
Brain Structure 
The human brain is an extremely sensitive organ categorized as part of the central 
nervous system in the human body, which also includes the spinal cord. To protect this 
organ, the human body has enclosed the brain in three continuous and distinct layers of 
connective tissue, known as the meninges, which contains the blood vessels that supply 
the brain, and with an outer bony skull that is the result of the fusion of eight bones. The 
connective tissue that envelops the central nervous system includes the pia mater, 
arachnoid and dura mater
1
. The pia mater conforms to every crevice of the central 
nervous system and is the vascular layer that provides nutrition for the surrounding 
tissue
2
. The arachnoid layer is thin and avascular. It conforms more generally along the 
surface of the central nervous system and extends thin trabeculae (connective tissue) to 
the pia mater. The space created between the pia mater and the arachnoid is known as the 
subarachnoid space and contains cerebrospinal fluid (CSF)
3
. The dura mater has two 
layers, the inner and outer, and is characterized by being sturdy and inelastic. The outer 
layer is the periosteum of the skull, while the inner layer is a layer that extends into the 
cerebral hemispheres as the falx cerebri and the occipital lobe/cerebellum as the 
tentorium cerebelli. The area between the arachnoid and the inner dura mater is known as 
the subdural space, which also contains fluid (not CSF however)
1
. The bone that 
encapsules the brain are the frontal, parietal, temporal, sphenoid, occipital and ethmoid, 
 2 
which join together along suture lines
4
. The resulting skull forms three areas within its 
cavity, which are known as the anterior fossa, middle fossa and posterior fossa
5
. 
From a macroscopic perspective, the brain can be broken down into three major 
parts, which are the brainstem, cerebellum and cerebrum. These sections of the brain 
have their predecessors in the embryonic structures – the telencephalon (which turn into 
the cerebral hemispheres), diencephalon (which turns into the epithalamus, dorsal 
thalamus, ventral thalamus and hypothalamus), mesencephalon (which turns into the 
midbrain), metencephalon (which turns into the pons and cerebellum), and 
myelencephalon (which turns into the medulla oblongata)
 6
. These structures are can be 
understood in the context of the developed brain by knowing that the brainstem consists 
of the midbrain, pons and medulla, and that the cerebrum consists of the paired cerebral 
hemispheres and the diencephalon
1
. Each of these parts has specific functions, some of 
which are sensing and motor control by the cerebrum, coordination of motion by the 
cerebellum, and control of respiration by the brainstem
7,8, 9
. For the most part, the major 
sections of the brain can be broken down into further subcategories and descriptors, 
which the one of the most notable being the folding of the outside of the cerebrum. This 
convoluted surface increases the overall surface area that can be fit inside of the skull and 
is referred to as the cortex. Each convolution along the cortex is referred to as a gyrus and 
the resulting depression is called a sulcus
11
. The cortex is made up of a body of nerve 
cells, which give the structure the name “gray matter”, while underneath the cortex lies 
the axons of the nerve cells, which make up “white matter”11.  
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Ventricular System 
The ventricular system of the brain is composed of multiple cavities and the 
central canal of the spinal cord, which is continuous and covered with ependyma – an 
epithelial layer of glial cells
12
. These cavities that make up the ventricular system are the 
two lateral ventricles of the cerebral hemispheres, the intraventricular formina of monro, 
the third ventricle in the diencephalon, the cerebral aqueduct of Sylvius in the midbrain, 
and the fourth ventricle in the pons and medulla – which is connected to the central canal 
in the spinal cord. Each of the lateral ventricles are themselves composed of four distinct 
parts including the main body, the anterior horn of the frontal lobe, the body of the 
temporal love, and the posterior horn of the occipital lobe
13
 .  
All of these cavities in the brain stem from the central canal of the embryonic 
neural tube
14
. The primary purpose of these cavities is to hold cerebral spinal fluid, which 
is a colorless solution similar in composition to plasma except with more chloride and 
magnesium and less potassium and bicarbonate
15
. This fluid is created and maintained by 
two important structures – the brain capillaries and the choroid plexus. These two 
structures are the selective barriers that allow the movement of the key components of the 
CSF. The endothelial cells of the brain capillaries function to create the blood-brain 
barrier via the tight junctions between the cells. These structures allow for the separation 
between the blood and the CSF 
16
. The choroid plexus possess high metabolic activity 
and are responsible for the transport of the different solutes relevant to the composition of 
the CSF. The structure of the choroid plexus allows it to fulfill its task efficiently. It 
consists of villi composed of a layer of choroidal epithelium (continuous with the 
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ependymal of the ventricles) that surround a core of blood vessels. Each cell of the 
choroid plexus possesses microvilli have a brush border that broadens the the surface 
area. These cells also contribute to the barrier between the blood and CSF due to the tight 
junctions between themselves and the endothelial cells
17
. 
The function of the CSF is to provide a protective and chemically favorable 
environment for the brain. As the CSF completely surrounds the brain, it can provide 
buoyant force and shield to vibrations and quick movements 
18
. The buoyant force 
provided is quite substantial, decreasing the weight by over 90% due to the fact that the 
density of the CSF is nearly the same as the brain itself
13
. The CSF is able to provide a 
stable environment for the brain by acting as a reservoir to which the waste from the 
brain can diffuse into
19
. The molecules transported across the choroid plexus allows for 
the dynamic but stable composition of the CSF to be maintained and for waste to be 
moved from the CSF to the blood
20
.  
CSF is constantly replaced approximately every 4 hours. Its volume is around 140 
mL in a fully grown adult and is generated at a rate of 600 mL/day 
21
. The movement of 
CSF is initiated by hydrostatic pressure in the choroidal capillaries. It is this pressure that 
pushes water and solutes through the endothelial cells, connective tissue and choroidal 
epithelium
22
. The movement of fluid to the ventricular cavity is done via a transcellular 
route directly across the epithelial choroidal cells, or a paracellular route across the tight 
junctions, both of which act as a filter which stop other unnecessary molecules from 
moving into the CSF
1
. After passing this barrier, the CSF flows through the following 
structures in this respective order: the 4
th
 ventricles, hindbrain foramina, cisterna magna, 
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subarachnoid space, and then into the superior sagittal venous sinus
16, 23
. The movement 
of the fluid into the venous system is a bulk flow system, where all the components of the 
CSF (solutes and cells) are moved into the dural venous sinuses via vacuoles of the 
arachnoid villi.  
 
Prematurity 
Premature birth is defined as birth that occurs three weeks prior to the full gestational 
period of 40 weeks 
24
. There are different classifications of prematurity ranging from 
mild preterm (32-36 weeks of gestation), very preterm (28-31 weeks of gestation), and 
extremely preterm (<28 weeks of gestation) 
25
. Premature infants’ key symptoms include 
torso size, large head, gaunt features and lower body temperature from decreased body 
fat, respiratory distress and absence of appropriate feeding reflexes 
26
. Some factors that 
add to the likelihood of premature delivery are linked to characteristics of the mother 
such as high blood pressure, drug use, diabetes, problems with the cervix or uterus, and 
infection
27
.   
 
Complications of Prematurity 
 There are many complications for prematurity, which can be separated into short-
term including patent ductus arteriosus, low blood pressure, hypothermia and necrotizing 
enterocolitis and long-term complications such as cerebral palsy retinal detachment and 
developmental problems
26
. Short term complications of particular note are the breathing 
problems due to a poorly developed respiratory system in which surfactant may not be 
present and may lead to respiratory distress syndrome
28
. Other breathing problems may 
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occur such as bronchopulmonary dysplasia, which is caused by inflammation of the 
infant’s lungs due to prolonged, yet necessary oxygen therapy, and infection29. 
Respiratory diseases may be linked to another short term complication known as 
intraventricular hemorrhaging, which is defined as bleeding into the ventricular system. 
This phenomenon is thought to occur in infants due to two critical factors which are the 
preterm infant’s lack of cerebral autoregulation and sudden changes in the cerebral blood 
flow and pressure
30
. The loss of cerebral autoregulation is linked to both pulmonary 
disease and is proportional to gestational age
31
. With a low ability to control the blood 
pressure within the brain, the pressure in the brain becomes an uncontrolled reflection the 
systemic blood pressure
32
. Therefore, any type of factor that can lead to sudden changes 
in the systemic blood pressure may contribute to this phenomenon
30
. The manner in 
which uncontrolled blood pressure results in hemorrhage of the capillaries can be 
understood by observing the delicate nature of the immature structure of the germinal 
matrix
33
. Pulmonary disease and respiratory problems in premature infants also have an 
indirect causative effect resulting in intraventricular hemorrhaging by necessitating 
mechanical ventilation
34
. If the mechanical ventilation is slightly out of sync with the 
patient’s ventilation rhythm, then unstable blood pressures may result often resulting in 
hemorrhage
35
. 
 
Germinal Matrix Hemorrhage 
 Germinal matrix hemorrhage is a very common phenomenon among premature 
newborns, affecting 7-30%, and of this given portion 25-80%, the hemorrhaging will lead 
 7 
to the formation of hydrocephalus
30
. It is highly possible however; that these statistics 
underestimate the prevalence of the hemorrhaging as some cases of germinal matrix 
hemorrhaging may not present any symptoms and the detection of the hemorrhage 
requires the use of imaging technology. These statistics point to the fact that acquired 
infantile hydrocephalus is mostly caused by germinal matrix hemorrhaging. Germinal 
matrix hemorrhaging is the bleeding of a transient brain structure that is seen 
predominantly in premature neonates
36
. This bleeding can also extend into the ventricles 
and subarachnoid space (which occurs in 80% of the cases) and will present itself through 
blood and debris within the ventricles. A potential sequelae of this hemorrhage is 
ventriculomegaly or in other words, increase in the volume of the ventricles
37
. 
 The degree of hemorrhaging falls under a grading system of I-IV, with one being 
the least severe and IV the most
38
.  In all the grades of germinal matrix intraventricular 
hemorrhaging, ventriculomegaly occurs approximately 40-50% of the time. For the 
higher grades of intraventricular hemorrhaging, ventriculomegaly occurs 55-80% of the 
time and posthemorrhagic hydrocephalus occurs 26-80%
37
.  
 The germinal matrix is described as a vascularized transient area formed under the 
ependymal lining at the external angles of the lateral ventricles. It is largest at 23 weeks 
of and then proceeds to diminish until it reaches 50% of its maximum size at the 
gestational age of 32 weeks. By the 36th week, only a small portion of the germinal 
matrix remains
39
. Because this structure is not meant to be permanent, there is little 
basement membrane formed and a lack of pericytes and glial endfeet
40
. This presents 
problems as a large portion of the cerebral flow from Heubner’s artery, lateral striate 
 8 
arteries, and anteriorchoroidal artery is provided to it in order to satisfy its metabolic 
requirements. When the blood flow goes through the capillary bed it then goes into the 
terminal vein and then the internal cerebral vein, where a sharp turn occurs and the 
momentum vector of the blood movement is changed suddenly. This phenomena places 
much stress on the vessel walls and is one of the largest factors that contributes to the 
hemorrhaging that often occurs in this structure
37
. Therefore, premature infants who 
possess the germinal matrix structure are susceptible to hemorrhage due to its poorly 
developed vessels that can rupture even under pressure oscillations from the circulatory 
and respiratory system. 
 There exist several factors that lead to increased risk of hemorrhaging which are 
thrombocytopenia, hypoxia and hypercapnea
35
. Decreased oxygen delivery to these 
vessels puts the infants particularly at risk due to the complication of infarction. The, 
formation of a hematoma, clot and white matter damage, are also associated with high 
risk for hemorrhage
37
. The hematoma can be the primary cause of damage itself. The clot 
that forms becomes a lesion that can prevent the proper draining due to the structure of 
the terminal vein, and may affect periventricular white matter causing necrosis
41
. This 
damage to the white matter may lead to neurological problems often associated with 
premature newborns
42
. Signaling pathways also lead to the damage of white matter via 
release of cytokines, nitric oxide and vascular endothelial growth factor (VEGF) that lead 
to the activation of microglia, which produce reactive oxygen species that directly 
damages endothelia in the periventricular white matter
37
. 
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Blood in the ventricular system may alter the rheological aspects of CSF 
circulation, particularly in the subarachnoid space, leading to dilation of the ventricles by 
preventing proper uptake by the arachnoid villi
43
. Sizeable clots may block the 
intraventricular pathways whereas smaller clots may block transependymal channels. 
Fibrosis of the arachnoid villi may also occur and contribute to the dilation of the 
ventricles
37
. 
 
Magnetic Resonance Imaging 
Nuclear magnetic resonance imaging is a method in which particles that possess 
the characteristic of spin can be observed due to their manipulability by means of an 
applied magnetic field
44
. In particular, it is the nuclei that are examined, as nuclei possess 
a nuclear spin angular momentum
45
. There are three distinct values that can be attributed 
to spin and are a function of the atomic number and atomic weight of the nucleus. A spin 
value of zero may be attributed if the nucleus possesses an even number for its atomic 
weight and number, an integral value may be attributed if the nucleus possesses an even 
atomic weight and an odd atomic number, and a half-integral value if the nucleus 
possesses and odd atomic weight
46
. Depending on the integral value, the response to an 
external magnetic field will vary, and due to hydrogen’s spin of ½, large response to 
external magnetic fields and abundance in tissue, it is the ideal candidate for the 
observation of tissue in the human body
47
.  
 The manner in which spin is responsive to an external magnetic field is based on 
the orientation of the nucleons within the nucleus. More times than not, the configuration 
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of protons within the nucleus is asymmetrical. This configuration combined with the 
natural spinning state of the nucleus produces a consistent and constant magnetic 
moment
48
. Applying this concept to a physiological aspect, the magnetic moments of the 
individual protons that make up any segment of tissue are oriented randomly in a natural 
setting and there is no net magnetization produced 
46
. When an external magnetic field is 
applied, the nuclei begin to trace a circle perpendicular to the magnetic field in a constant 
fashion and the axis around which each nucleus spins about itself orients itself in such a 
fashion that it constantly points to a single location out of plane, but in line with the 
center of the traced circle. This motion is known as precession, and consists of an axis 
that goes through the center of the traced circle and the single location out of plane and 
under the influence of the external magnetic field; the axis of precession is parallel to the 
external magnetic field
49
. When considering the net magnetization in the plane 
perpendicular to axis of precession (and the external magnetic field), there is no net 
magnetization due to the randomly distributed spins on this plane
46
.  
When looking in the direction of the axis of precession, there is a net 
magnetization due to the Zeeman interaction between the nucleus and the external 
magnetic field. The Zeeman interaction describes a coupling that produces a finite 
number of values, in particular two for that of a proton. For the proton, these values are 
spin up (parallel) or spin down (antiparallel) both of which have different energy levels
50
. 
The spin up energy is lower than that of the spin down; therefore, in a sample of given 
tissue under influence of an external magnetic field, there will be higher amounts of spin 
up oriented protons opposed to spin-down oriented protons. The number and ratio of the 
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distribution is dependent on the difference in the energy between the spin-up and spin-
down oriented protons, and this difference itself is dependent on the strength of the 
external magnetic field. Due to the difference in the number of the spin-up versus spin-
down protons, there exists a net number of spins that are aligned along the direction of 
the external magnetic field, which will therefore provide a constant net magnetization to a 
given tissue within an external magnetic field that is in the direction of the external 
magnetic field. Within this external magnetic field, this net magnetization represents the 
lowest energy state that the protons within a given section of tissue will tend towards
51
. 
 During the operation of nuclear magnetic resonance imaging, a sample of tissue 
under the influence with of an external magnetic field with a net magnetization is 
exposed to an oscillating pulse of energy with a specific frequency –known as the 
resonant frequency - designated by the Larmor equation
52
. The influence this pulse 
results in two simultaneous effects – it will cause (i) a proton from a lower energy level 
to move to a higher energy level and (ii) a proton from a higher energy level to move to a 
lower energy level. This energy absorption is called resonance absorption and often 
results in absorption of energy, opposed to release, due to the greater number of protons 
in the lower energy levels during the initial net magnetized state of the tissue
46
. The pulse 
is often perpendicular to the initial external magnetic field and when the energy 
absorption process occurs, the vector of the net magnetization of the tissue starts to move 
from its normal resting position into a position in the transverse plane perpendicular to 
both the vector of the external magnetic field and the vector of the applied pulse. When 
the pulse is removed, the vector of the net magnetization of the tissues begins to returns 
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to its normal resting position when initially under the influence of the external magnetic 
field
53
. This phenomenon, also known as relaxation is the second key occurrence that 
allows the formation of images during the MRI scan. During this return, a signal can be 
detected due to the induced voltage in the wiring of the MRI machine from the moving 
magnetic field of the tissue; this signal is called the Free Induction Decay (FID) and is 
dependent on the magnitude of the initial net magnetization of the sample tissue
54
. The 
signal produced has several key characteristics that are observed, which are the signal 
magnitude, frequency and direction. When attempting to parse out the information 
gleaned from an MRI scan, it must be noted that due to the different microenvironments 
within the tissue there are different values for the external magnetic field felt by the 
individual protons
46
. Resultantly, there are a wide range of values produced when 
gathering information from the MRI signal. In order to make sense of this signal, 
particularly the key characteristic of signal frequency, the results are broken down into 
frequencies and amplitudes via the Fourier transform
55
. 
When the signal is initially produced it is very strong, but it tends to decrease over 
time as the protons start to lose their configuration resulting from the resonant frequency 
pulse and give up their energy. The manner in which this decay process occurs allows the 
measurement of a constant characteristic of specific tissues known as relaxation time
46
. 
Two forms of relaxation time exist, which are T1 and T2 
T1 or spin-lattice time is defined as the vector for the net magnetization of a tissue 
to come back to 63% of its initial state after an excitation pulse with the correct resonance 
frequency is applied to the sample of tissue. Immediately after the pulse is applied, there 
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will be no net magnetization in the direction of the initial external magnetic force, due to 
the movement of the net magnetization vector into a perpendicular plane relative to the 
vector of the initial external magnetic force. As time passes, and the protons give up their 
energy into the surrounding area, the protons lose this orientation and return to their 
original configuration and the net magnetization vector of the protons in the direction of 
the initial external magnetic force will increase until it reaches its original magnitude. If 
the function of this process is calculated, an exponential function will then be found with 
T1 being a constant in this function
56
.  
T2 or spin-spin time is defined as amount of time necessary for the perpendicular 
component of the excited magnetic vector to lose 63% of its value. The differentiating 
factor for T2 is that the energy provided by the resonant frequency pulse is transferred 
from one proton to another similar proton in a similar microenvironment and precession 
frequency. This transfer may occur multiple times, with a gradual loss of coherence due 
to molecular vibrations and rotation or variations in each proton’s local magnetic field 
that leads to the decrease of the perpendicular component of the magnetic vector. 
Therefore, the energy for T2 relaxation stays as spin energy rather than dissipating via the 
surroundings as seen in T1 relaxation
57
. 
 
Specific Aim of Study 
The specific aim of the current study was to add to the body of knowledge 
regarding the effects of prematurity on developing children by providing a normative 
mirror study to another study in the ELGAN project that examined preterm children of 
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the same age group. There are only a handful of studies conducted on this matter and it is 
generally accepted that prematurity does hamper developmental outcomes of children. 
However, the specifics of these developmental outcomes are not known due to the fact 
that a normal database of children has not been available for some time. Due to the 
release of the database from National Institute of Health (NIH) study of Normal Brain 
Development, which served to fill this gap in knowledge, a standard can now be used for 
comparison with preterm children to finally provide relative measurements. 
The aims of the study were to compare the volume and the symmetry of the 
intracranial matter of the preterm and normal term children. Preterm children data 
(performed by Qingde Zhao) will be compared to normal term children. In particular, the 
CSF, WM and GM volumes divided into the left and right hemispheres will be measured 
and examined. From this study, we hope to discover consistent patterns between the right 
and left hemispheres in preterm and normal term children and better understand the 
effects of preterm delivery on the volumes of the different components of the brain. 
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METHODS 
 
 For this experiment, two separate populations were used. The first population 
consisted of normal-term children obtained from the NIH Study of Normal Brain 
Development between the ages of 7 to 11 (N=68). The second population was low-
gestational age children between a comparative age group of 9 to 11 (N=88) and data 
collected from this group was done by Qingde Zhao, who conducted the sister study of 
this particular study. All methods have been approved by the National Institutes of 
Health, Boston Medical Center, and National Database for Autism Research. 
 
NIH Study of Normal Brain Development 
The data used in this thesis was obtained from the Pediatric MRI Data Repository 
made by the NIH MRI study of Normal Brain development.  This study was coordinated 
by the Brain Development Cooperative Group with support from the National Institute of 
Child Health, the National Institute on Drug Abuse and the National Institute of Mental 
Health, and the National Institute of Neurological Disorders and Stroke (Contract #s 
N01-HD02-3343, N01-MH9-0002, and N01-NS-9-2314, -2315, -2316, -2317, -2319 and 
-2320). It must be noted that this thesis may have opinions that may not reflect those of 
NIH. 
The NIH Study of Normal Brain Development utilized 6 different data collection 
centers including Boston Children’s Hospital, Cincinnati Children’s Hospital, 
Philadelphia Children’s Hospital, Washington University in St. Louis Hospital, 
University of Texas Health Science center, and University of California Los Angeles 
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Hospital. The collected information was coordinated a data center in Montreal, Canada 
and clinical center in St. Louis, Missouri.  
The total sample consists of 546 children who range from ages of 10 days to 18 
years and represents the same ratio of gender, status and ethnicity as the general 
population. The sample is drawn from a large list of names, income, and children ages 
obtained from a national marketing agency. Letters providing details of the study are sent 
to the addresses on the list and interested families then undergo a screening process via 
telephone and the filling out of the “Parent Childhood Behavior Checklist” form 
(Appendix A). Another telephone interview follows looking over the medical and 
developmental history to further review candidacy. If the family is viable, then a 
Diagnostic Interview Schedule for Children follows. Following these screening events, an 
evaluation is made upon specific exclusion criteria (Appendix B) and from the total 
sample, a subset of 440 children undergo an on-site evaluation for behavioral testing and 
MRI is scheduled for appropriate candidates as a 5-6 year longitudinal study and are 
tested at three separate points in time. 
 The on-site evaluation consists of a battery of examinations. The first is a 
standardized neurological and physical exam followed by a Tanner Staging 
questionnaire. Next, adrenal and gonadal steroids are examined via two saliva samples 
(also to test for maturity) and a urine sample. Afterwards, the following series of tests are 
done for screening and data collections: Wechsler Abbreviated Scale of Intelligence, 
Wechsler Intelligence Scale for Children or Wechsler Adult intelligence scale, 
Woodcock-Johnson Psycho-Educational Battery-III, and the Differential Ability Scales. 
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Following are another series of tests: California Verbal Learning Test, Handedness, A 
Developmental Neuropsychological Assessment - Verbal Fluency, Purdue Pegboard, and 
the Cambridge Neuropsychological Test Automated Battery.  
 The MRI scanning procedure used an acquisition time of 30 to 45 minutes. 
Firstly, a 3D T1W spoiled gradient recalled echo sequence with a sagittal acquisition is 
completed immediately after a localizer scan. This scan was given priority and repeated if 
any motion artifacts were observed. Due to the different brands of scanners that were 
used at separate scan centers, different acquisition details were used per brand of scanner 
(Tables 1 and 2). GE scanners possess a maximum number of 124 slices, to which the 
slice thickness was increased to accommodate for the number of slices and still have a 
whole brain scan. Following the completion of this step, a proton density weight and 
T2W acquisition was completed with an oblique axial orientation. Often times, the 
children could not stay still for the full duration of the scanning and in this situation, a 
secondary protocol is used that has shorter acquisition time. If motion disrupted the 3D 
T1W scan, a 2D T1W multislice spin echo was used instead. If motion disrupted the 
T2W/PDW scans, the slice thickness was changed from 2mm to 3mm to shorten the 
acquisition time. 
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Table 1. Scanning Parameters for GE Scanners for NIH Study of Normal Brain 
Development.  Abbreviations as follows:  TR – Repetition Time, TE – Echo Time, FSE 
Fast Spin Echo, FoV – Field of View, ETL – Echo Train Length. . (Taken from NIH 
Study of Normal Brain Development: Magnetic Resonance Imaging Produre Manual). 
 
 
1. 2D PDW/T2W Acquisitions 
GE sequence: pulse sequence=FSE, mode=2D 
TR: 3500 
TE1 (effective): 17 ms 
TE2 (effective): 119 ms 
ETL: 8 
orientation: axial (parallel to AC-PC) 
FoV: 250 mm AP x 220 mm LR (rectangular FoV) 
matrix: 256 AP x 224 LR 
slices: 80-90 slices of 2 mm thickness (as needed to cover apex of head to bottom of the cerebellum) 
signal averages: 1 
scan time: 7 – 10 min 
1a. Fallback PDW/T2W (Note: To be used only if the T1W fallback protocol was acquired or if the 
above 
PDW/T2W protocol has been attempted and not successfully completed!) 
Sequence type: 2D multi-slice dual-echo fast/turbo spin echo 
GE sequence: pulse sequence=FSE, mode=2D multi-slice 
TR: 3500 ms 
TE1 (effective): 17 ms 
TE2 (effective): 119 ms 
ETL: 8 
orientation: axial (same slice alignment as the T1W acquisition) 
FoV: 250 mm AP x 190 mm LR (rectangular FoV) 
matrix: 256 AP x 192 LR 
slice thickness: 3 mm 
slices: 30-60 slices (as needed to cover apex of head to bottom of the cerebellum) 
signal averages: 1 
scan time: 3-5 min 
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Table 2. Scanning Parameter for Siemens Scanners for NIH Study of Normal Brain 
Development . Abbreviations as follows:  TR – Repetition Time, TE – Echo Time, FSE 
Fast Spin Echo, FoV – Field of View, ETL – Echo Train Length. . (Taken from NIH 
Study of Normal Brain Development: Magnetic Resonance Imaging Produre Manual). 
 
 
1. 2D PDW/T2W Acquisitions (double echo) 
Siemens Sonata sequence: tse5_17b130_119b130.wkc 
TR: 3500 
TE: 17 119 ms 
turbo factor: 7 
slices: 22 
slice thickness: 2 mm 
orientation: TRA – tilted to be parallel to the AC-PC line 
distance factor: 2 (or 3) cover from apex of the head to bottom of the cerebellum 
matrix: 256 AP x 220 LR 
FoV: 256 mm AP x 224 mm LR (RECFOV 7/8 phase enc L-R) 
signal averages: 1 
scan time: 7’39” or 10’12” (2’33” for each run) 
Repeat the scan 2 (or 3) times to fill in the slice gap and change “shift mean” by 2 mm each time. 
1a. Fallback PDW/T2W (Note: To be used only if the T1W fallback protocol was acquired or if the above 
PDW/T2W protocol has been attempted and not successfully completed!) 
Sequence type: 2D multi-slice dual-echo fast/turbo spin echo 
Siemens Sonata sequence: tse5_17b130_119b130.wkc 
TR: 3500 ms 
TE (effective): 17 119 ms 
Turbo factor: 7 
slices: 22 
slice thickness: 3 mm 
orientation: TRA – tilted to be parallel to the AC-PC line 
distance factor: 1 (or 2) cover from apex of the head to bottom of the cerebellum 
matrix: 256 AP x 190 LR 
FoV: 256 mm AP x 192 mm LR (6/8 RECFOV: phase enc L-R) 
signal averages: 1 
scan time: 4’26” or 6’45” (2’13” per run) 
Repeat the study 1 (or 2) times to fill in the slice gap and change “shift mean” by 3 mm each time 
 
 
 Scans were then placed into the National Database for Autism Research as 32-bit 
Nifti format files. These 32-bit Nifti format files were downloaded into the ELGAN 
database and converted into 16-bit RAW files through the ImageJ program. These RAW 
files were then turned into MRI maps via an algorithm programmed through MathCAD 
2001i. These maps were then segmented through a dual-space clustering algorithm, 
which examines each voxel and determine whether it fits in the pre-designated qMRI 
space subvolume in the pre-designated anatomical cluster in anatomic space. Through 
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this dual-space clustering, the segmentation can be done in all slices of the 3D data set 
through only one set of segmentation parameters. These segmentations are visually 
verified for precision and accuracy. The intracranial matter is divided into left and right 
and then subsequently into cerebral and cerebellar segments each. Following, the bilateral 
cerebral segments are further segmented into white matter, deep gray matter, cortical gray 
matter, and cerebrospinal fluid. Afterwards the two cerebral segments are then divided 
into anterior and posterior segments.  
 
Extremely Low Gestational Age Newborn  
Candidacy of children was found through gestational age instead of birth weight, 
as using birth weight as the determining factor often included newborns that were 
gestationally older but in the target weight group as they had growth abnormalities. 
Antenatal enrollment was utilized as samples of placenta and maternal blood were critical 
sources of data for the ELGAN project. Following the delivery, a trained research nurse 
would conduct an interview session with the mother to gather information about her 
sociodemographic profile as well as anthropometric, reproductive, and medical history. 
All of the mother’s statements in regards to her condition and exposures prior to and 
during delivery were considered valid statements, regardless of the statements in the 
medical records. After the interview, the medical record was then scrutinized to further 
determine the validity of all events in the hospital. 
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Overall, 1506 newborns born prior to 28 weeks of gestations were included in the 
sample. A total of 14 centers were involved in the gathering of data, with a total of 2 
more institutions participating in the experiments, which are listed in Appendix A. 
Of the total cohort, a sub-cohort consisting of 200 candidates in the target age 7-11 
underwent MR imaging via 3T scanners from General Electric (GE) Phillips Medical 
System and Siemens that use a phased array coil. All three types of scanners use an ACR 
MRI accredited phantom and the pulse sequence parameters are included in the Digital 
Imaging and Communications in Medicine (DICOM) headers in the test images. The 
protocol consists of a primary three-plane localizer followed by a high resolution 
multispectral quantitative MRI (qMRI) with sequence 1 being a low-resolution fast 
gradient echo and sequence 2 being a dual-echo-FSE and IR dual-echo-FSE. Images 
generated are transmitted as DICOM images, to the Image Processing Laboratory of the 
Department of Radiology in Boston Medical center. Here, the DICOM headers are 
deleted through the program Image-J and the qMRI processing follows the same 
segmentation process as described for the normal brain scans (Table 3). 
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Table 3 Scanning Parameters for ELGAN MRI Scanners. (Taken from ELGAN: 
2105 ELGAN-2 & Imaging Methodologies) 
Abbreviations: DE-F SE – Driven Equilibrium Fast Spin Echo, IR-DE-FEW – Inversion 
Recovery Driven Equilibrium Fast Spin Echo, FE – Fast Gradient Echo Sequence 
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Statistical Analysis and Calculations  
Paired t-test was used to through Microsoft’s Excel statistical data pack. 
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RESULTS 
 
Intracranial Matter 
In the figures below, the NDAR data of this thesis is being compared to the 
ELGAN data of Qingde Zhao, who conducted the sister study to this experiment. All the 
figures and data related to the ELGAN experiment were obtained with permission from 
the sister study to this study that he had conducted. The ELGAN cohort and normal 
cohort were placed through similar processes to ensure higher compatibility when 
comparing the data. When looking at the ICM, the ELGAN ICM volumes were 
consistently higher than that of the normal ICM volumes (Figure 1). The ELGAN Male + 
Female data distribution for right and left hemispheres show a higher average than that of 
the normal group as shown in table 4 (ELGAN Total RICM = 728.0 cm
3
, st.dev = 103.6 
cm
3
; ELGAN left ICM = 694.2 cm
3
, st.dev = 113.6 cm
3
; normal Total RICM = 648.3 
cm
3
, st. dev = 65.4 cm
3
; normal Total LICM = 638.9 cm
3
, st.dev = 63.77112 cm
3
). The 
asymmetry values were significant in both the ELGAN and in the Normal group based 
upon the p-values of the two-tailed paired t-test (ELGAN p = 1.46E-07; normal = 0.011), 
which suggests that there is a statistically significant difference between the right and left 
hemispheres in both groups with the right side consistently larger than the left side (Table 
4).  
When dividing the sample based upon gender and observing only the females, it 
can be seen that the right and left distributions of the ELGAN group show a higher 
average than that of the Normal group (ELGAN Female RICM volume was 703.8 cm
3
, 
st.dev = 103.8 cm
3
; ELGAN female LICM = 672.2685 cm
3
, st. dev = 112.6 cm
3
; normal 
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female RICM = 618.8 cm
3
, st. dev = 56.2 cm
3
; normal female LICM = 610.6 cm
3
, st dev 
= 57.9 cm
3
) (Figure 2). Asymmetry exists in the ELGAN group, but not in the normal 
group (ELGAN p = 0.000328; normal p =  0.0866) (Table 4). When observing the males, 
the male subgroup exhibit a larger average volume than the females in both categories, 
and between the ELGAN and normal group within the males, it can be seen that the 
ELGAN group has a larger brain volume of than the normal group (ELGAN male RICM 
= 762.9 cm
3
, st.dev =  94.2 cm
3
; ELGAN LICM volume = 726.3 cm
3
, st.dev = 108.9 cm
3
; 
normal male RICM = 687.8 cm
3
, st.dev = 55.8 cm
3
; normal male LICM = 676.8 cm
3
, 
st.dev = 50.7 cm
3
) (Figure 3). Asymmetry was again present in the ELGAN male group, 
but did not exist in the normal male group (ELGAN p = 8.77E-05; normal p = 0.0627), 
with the right side showing a larger volume than the left side (Table 4). 
 
 
Figure 1. Segmented ICM Volumetry Histograms of ELGAN and Normal Total 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left intracranial matter of the total population of the ELGAN and normal cohorts 
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Figure 2. Segmented ICM Volumetry Histograms of ELGAN and Normal Female 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left intracranial matter of the female subgroup of the ELGAN and normal cohorts 
 
 
Figure 3. Segmented ICM Volumetry Histograms of ELGAN and Normal Male 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left intracranial matter of the male subgroup of the ELGAN and Normal Cohorts 
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Table 4. Statistical Analysis of ICM Results of the two-tailed paired t-test between the 
right and left intracranial matter for the ELGAN and Normal group as a whole and then 
as separate genders  
 
ELGAN ICM 
(Male+Female) N=88 
 
Normal ICM 
(Male+Female) N=68 
   RICM LICM   RICM LICM 
Mean 727.9971 694.3857 Mean 648.2539 638.8692 
Standard Deviation 103.6362 113.6375 Standard Deviation 65.39386 63.77112 
t Stat 5.722212 
 
t Stat 2.622189 
 P(T<=t) two-tail 1.46E-07 
 
P(T<=t) two-tail 0.010804 
 t Critical two-tail 1.987608   t Critical two-tail 1.996008   
 
 
ELGAN ICM (Female) N=52 
 
Normal ICM (Female) N=39 
   RICM LICM   RICM LICM 
Mean 703.8081 672.2685 Mean 618.8406 610.6445 
Standard Deviation 103.8175 112.5987 Standard Deviation 56.23792 57.93013 
t Stat 3.852994 
 
t Stat 1.759196 
 P(T<=t) two-tail 0.000328 
 
P(T<=t) two-tail 0.086595 
 t Critical two-tail 2.007584   t Critical two-tail 2.024394   
 
ELGAN ICM (Male) N=36 
 
Normal ICM (Male) N=29 
   RICM LICM   RICM LICM 
Mean 762.9368 726.3328 Mean 687.8097 676.8266 
Standard Deviation 94.16777 108.8501 Standard Deviation 55.81131 50.74361 
t Stat 4.433162 
 
t Stat 1.938751 
 P(T<=t) two-tail 8.77E-05 
 
P(T<=t) two-tail 0.062671 
 t Critical two-tail 2.030108   t Critical two-tail 2.048407   
 
 
Gray Matter 
The gray matter showed some contribution to the expansion of the ICM in the 
ELGAN group compared to that of the normal group (Figure 4). For the overall 
population, the ELGAN group had higher averages than the Normal with averages of 
469.0 cm
3
 for the right gray matter (st.dev = 70.7 cm
3
) and 444.9cm
3
 for the left gray 
matter (st. dev= 73.0 cm
3
) in the ELGAN cohort and 430.8 cm
3
 (st.dev. = 49.76074.7 cm
3
) 
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in the right gray matter and 427.5 cm
3
 (st.dev. = 52.4 cm
3
) in the left gray matter in the 
normal group. The asymmetry was again pronounced in the ELGAN group also, showing 
that the gray matter contributed to the asymmetry in the ICM in the ELGAN group 
(ELGAN p = 1.46E-08; normal p = 0.21) (Table 5). Looking at the females only, it can 
be seen that the gray matter shows increased volume in the preterm children (ELGAN 
Female RGM = 463.0 cm
3
, st.dev = 70.7 cm
3
, LGM volume = 441.5 cm
3
, st. dev = 70.9 
cm
3
; normal female RGM = 410.5 cm
3
, st.dev = 41.0 cm
3
, left ICM volume 408.8 cm
3
, st. 
dev = 45.9 cm
3
) (Figure 5).  
The right gray matter of the ELGAN female group showed a statistical increase 
compared to the left gray matter, with no asymmetry in the normal group (ELGAN p = 
0.000138; normal p = 0.597) (Table 5).
 
The males again measured a higher volume of 
gray matter than the females and inside the male category, the ELGAN group again 
presented higher volumes than the normal group (ELGAN male RGM = 477.5 cm
3
, 
st.dev = 70.8 cm
3
, LGM = 449.8 cm
3
, st.dev = 76.8 cm
3
; normal male RGM 458.2 cm
3
, 
st. dev = 47.8 cm
3
, LGM = 452.7 cm
3
, st.dev = 50.5 cm
3
) (Figure 6). Similar to the 
female group, the ELGAN males showed a statistically significant increase in the right 
hemisphere as compared to the left hemisphere, but the normal group showed no 
significant increase (ELGAN  p = 2.11E-05; normal p = 0.231166) (Table 5).  
 
  
 29 
 
Figure 4. Segmented GM Volumetry Histograms of ELGAN and Normal Total 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left gray matter of the total population of the ELGAN and normal cohorts  
 
 
Figure 5. Segmented GM Volumetry Histograms of ELGAN and Normal Female 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left gray matter of the female population of the ELGAN and normal cohorts 
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Figure 6. Segmented GM Volumetry Histograms of ELGAN and Normal Male 
Population Frequency distribution with bin size of 50 cubic centimeters of the right and 
left gray matter of the male population of the ELGAN and normal cohorts 
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Table 5. Statistical Analysis of GM Results of the two-tailed paired t-test between the 
right and left gray matter for the ELGAN and Normal group as a whole and then as 
separate genders 
 
ELGAN GM 
(Male+Female) N=88 
 
Normal GM 
(Male+Female) N=68 
   RGM LGM   RGM LGM 
Mean 468.9551 444.8593 Mean 430.8467 427.5274 
Standard Deviation 70.67615 73.02282 Standard Deviation 49.76074 52.36575 
t Stat 6.252989 
 
t Stat 1.259328 
 P(T<=t) two-tail 1.46E-08 
 
P(T<=t) two-tail 0.212282 
 t Critical two-tail 1.987608   t Critical two-tail 1.996008   
 
ELGAN GM 
(Female) N=52 
 
Normal GM (Female) N=39 
 
  RGM LGM   RGM LGM 
Mean 463.0255 441.4543 Mean 410.4907 408.794 
Standard Deviation 70.69758 70.85221 Standard Deviation 41.02256 45.93503 
t Stat 4.12155 
 
t Stat 0.53319 
 P(T<=t) two-tail 0.000138 
 
P(T<=t) two-tail 0.597007 
 
t Critical two-tail 2.007584   t Critical two-tail 2.024394   
 
ELGAN GM (Male) N=36 
 
Normal GM (Male) N=29 
   RGM LGM   RGM LGM 
Mean 477.5199 449.7777 Mean 458.2221 452.7206 
Standard Deviation 70.75119 76.79608 Standard Deviation 47.8312 50.51576 
t Stat 4.909573 
 
t Stat 1.223961 
 P(T<=t) two-tail 2.11E-05 
 
P(T<=t) two-tail 0.231166 
 t Critical two-tail 2.030108   t Critical two-tail 2.048407   
 
White Matter 
The white matter had little contribution to the expansion of the ICM, but did have 
a contribution to the asymmetry. For the overall population, the average volumes between 
the ELGAN and normal group did not increase (ELGAN Total RWM = 181.1 cm
3
, st. 
dev = 45.3 cm
3
, LWM = 173.2 cm
3
, st.dev = 46.6 cm
3
; normal Total RWM = 180.9 cm
3
, 
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st.dev = 36.3 cm
3
, LGM = 176.6 cm
3
, st.dev = 35.1 cm
3
) (Figure 7) but in both cases, the 
right white matter showed larger volumes than the left white matter (ELGAN = 9.17E-05; 
normal = 0.000232) (Table 6). The female subjects show similar white matter volumes 
between the ELGAN and the Normal (ELGAN Female RWM = 169.9 cm
3
, st.dev = 44.4 
cm
3
, LWM = 161.1 cm
3
, st.dev. = 44.3 cm
3
; normal female RGM volume = 171.3 cm
3
, 
st.dev. = 37.9 cm
3
, LWM = 166.5 cm
3
, st.dev. = 37.2 cm
3
) (Figure 8) with significant 
asymmetry between the two hemispheres with the right white matter composition being 
statistically higher than that of the left (ELGAN p = 8.77E-05; normal p = 0.0627) (Table 
6). The white matter in the males are larger respectively than their female counterparts 
but similarly show similarities between the pre-term and normal term brain (ELGAN 
male RWM = 197.2 cm
3
, st. dev. = 42.0 cm
3
, LWM = 190.8 cm
3
, st. dev. = 44.7 cm
3
; 
normal male RWM = 193.8 cm
3
, st. dev = 29.8 cm
3
, LWM = 190.0 cm
3
, st. dev. = 27.0 
cm
3
) (Figure 9). Asymmetry does not follow the same patter as the females, with the 
preterm male population expressing a non-statistically significant difference between the 
two hemispheres and the normal population having a statistically significant difference 
between the two hemispheres with the right side larger than the left (ELGAN p =  0.054; 
normal = 0.0468) (Table 6). 
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Figure 7. Segmented WM Volumetry Histograms of ELGAN and Normal Total 
Population Frequency distribution with bin size of 30 cubic centimeters of the right and 
left white matter of the total population of the ELGAN and normal cohorts 
 
 
Figure 8. Segmented WM Volumetry Histograms of ELGAN and Normal Female 
Population Frequency distribution with bin size of 30 cubic centimeters of the right and 
left white matter of the female population of the ELGAN and normal cohorts 
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Figure 9. Segmented White Matter Volumetry Histograms of ELGAN and Normal 
Male Population Frequency distribution with bin size of 30 cubic centimeters of the 
right and left white matter of the male population of the ELGAN and normal cohorts 
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Table 6. Statistical Analysis of WM Results of the two-tailed paired t-test between the 
right and left white matter for the ELGAN and Normal group as a whole and then as 
separate genders 
 
ELGAN WM 
(Male+Female) N=88 
 
Normal WM 
(Male+Female) N=68 
   RWM LWM   RWM RWM 
Mean 181.0956 173.2275 Mean 180.8828 176.5585 
Standard Deviation 45.28143 46.59634 Standard Deviation 36.25203 35.05471 
t Stat 4.10253 
 
t Stat 3.890786 
 P(T<=t) two-tail 9.17E-05 
 
P(T<=t) two-tail 0.000232 
 t Critical two-tail 1.987608   t Critical two-tail 1.996008   
 
ELGAN WM 
(Female) N=52 
 
Normal WM (Female) N=39 
 
  RWM LWM   RWM LWM 
Mean 169.9315 161.0748 Mean 171.298 166.5499 
Standard Deviation 44.43168 44.34412 Standard Deviation 37.94665 37.23614 
t Stat 3.731871 
 
t Stat 3.357041 
 
P(T<=t) two-tail 0.000479 
 
P(T<=t) two-tail 0.0018 
 
t Critical two-tail 2.007584   t Critical two-tail 2.024394   
 
ELGAN WM (Male) N=36 
 
Normal WM (Male) N=29 
   RWM LWM   RWM LWM 
Mean 197.2217 190.7815 Mean 193.7726 190.0183 
Standard Deviation 42.04067 44.66912 Standard Deviation 29.84055 27.047 
t Stat 1.99737 
 
t Stat 2.0795 
 P(T<=t) two-tail 0.053605 
 
P(T<=t) two-tail 0.046845 
 t Critical two-tail 2.030108   t Critical two-tail 2.048407   
 
Cerebrospinal Fluid 
Lastly the cerebrospinal fluid was the other significant contributor to the 
expansions of the ICM, but did not contribute to the asymmetry of the two hemispheres 
(Table 7). In the overall population, there was a drastic increase in the amount of CSF 
from the normal group to the preterm group (ELGAN Total RCSF = 74.7 cm
3
, st.dev. = 
 36 
46.8 cm
3
, LCSF = 72.8 cm
3
, st.dev. = 48.4 cm
3
; Normal Total RCSF = 32.3 cm
3
, st.dev = 
15.4 cm
3
, LCSF = 31.3 cm
3
, st.dev. = 14.4 cm
3
) (Figure 11). The female subjects in each 
cohort also showed this same pattern as the pattern found in the overall population 
(ELGAN female RCSF = 67.6 cm
3
, st.dev. = 36.3 cm
3
, LCSF = 65.6 cm
3
, st.dev. = 36.7 
cm
3
; normal female RCSF  = 32.7 cm
3
, st.dev. = 15.7 cm
3
, LCSF = 31.5 cm
3
, st.dev. = 
13.8 cm
3
) (Figure 12). While the males also mirrored this pattern, the normal CSF 
volumes were the similar between males and females, but the preterm males expressed a 
higher volume of CSF than that of the females (ELGAN male RCSF = 85.1 cm
3
, st.dev. = 
57.7 cm
3
 LCSF = 83.2 cm
3
, st.dev = 60.7 cm
3
; normal male RCSF = 31.7 cm
3
, st.dev. = 
15.1 cm
3
, LCSF = 31.0 cm
3
, st.dev = 15.5 cm
3
) (Figure 13).  
 
 
Figure 10. Segmented Cerebrospinal Fluid Volumetry Histograms of ELGAN and 
Normal Total Population Frequency distribution with bin size of 15 cubic centimeters 
of the right and left cerebrospinal fluid volumes of the total population of the ELGAN 
and normal cohorts 
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Figure 11. Segmented Cerebrospinal Fluid Volumetry Histograms of ELGAN and 
Normal Female Population Frequency distribution with bin size of 15 cubic 
centimeters of the right and left cerebrospinal fluid volumes of the female population 
of the ELGAN and normal cohorts 
 
 
Figure 12. Segmented CSF Volumetry Histograms of ELGAN and Normal Male 
Population Frequency distribution with bin size of 15 cubic centimeters of the right and 
left cerebrospinal fluid volumes of the male population of the ELGAN and normal 
cohorts  
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Table 7. Statistical Analysis of Cerebrospinal Fluid Results of the two-tailed paired t-
test between the right and left cerebrospinal fluid volumes for the ELGAN and Normal 
group as a whole and then as separate genders 
 
ELGAN CSF 
(Male+Female) N=88 
 
Normal CSF 
(Male+Female) N=68 
 
  RCSF LCSF   RCSF LCSF 
Mean 74.74648 72.83269 Mean 32.2966 31.27224 
Standard Deviation 46.75586 48.43309 Standard Deviation 15.35173 14.42753 
t Stat 1.12203 
 
t Stat 1.809674 
 P(T<=t) two-tail 0.264937 
 
P(T<=t) two-tail 0.074832 
 t Critical two-tail 1.987608   t Critical two-tail 1.996008   
 
ELGAN CSF 
(Female) N=52 
 
Normal CSF (Female) N=39 
 
  RCSF LCSF   RCSF LCSF 
Mean 67.567 65.63488 Mean 32.72865 31.46344 
Standard Deviation 36.27699 36.69401 Standard Deviation 15.73718 13.81284 
t Stat 0.836374 
 
t Stat 1.48714 
 
P(T<=t) two-tail 0.406846 
 
P(T<=t) two-tail 0.145229 
 
t Critical two-tail 2.007584   t Critical two-tail 2.024394   
 
ELGAN CSF (Male) N=36 
 
Normal CSF (Male) N=29 
   RCSF LCSF   RCSF LCSF 
Mean 85.11683 83.22953 Mean 31.71558 31.0151 
Standard Deviation 57.69939 60.66938 Standard Deviation 15.07382 15.4605 
t Stat 0.743433 
 
t Stat 1.021505 
 P(T<=t) two-tail 0.462181 
 
P(T<=t) two-tail 0.315761 
 t Critical two-tail 2.030108   t Critical two-tail 2.048407   
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DISCUSSION 
 
The distribution of the volumes across the ELGAN and normal cohort show 
normal distributions. This validates the use of the paired t-test, as the t-test can be used in 
populations that have this kind of distribution. When observing the averages between the 
ELGAN and normal term children groups, it can be seen that, when observing the total 
sample regardless of gender, the effects of premature delivery may result in the expansion 
of the ICM, GM and CSF, with little effect on the amount of white matter in the brain. 
The expansion of the CSF is expected due to the germinal matrix hemorrhaging that often 
occurs in preterm children and the subsequent post-hemorrhagic hydrocephalus
43
. This 
would also logically correlate with the expected and observed higher ICM volume. 
However, previous studies have indicated that the white matter is reduced at delivery due 
to the activation of microglia and the subsequent degradation of peri-ventricular white 
matter from the molecular pathways that are activated due to an inflammation reaction 
from germinal matrix hemorrhage
37
. But seeing that the WM volume is calculated to be 
the same between the ELGAN and normal group, it can be concluded that there are 
regenerative mechanisms following preterm delivery that allow for the recovery of the 
WM. It would be of interest to observe the location and concentration of the white matter 
in the ELGAN group is different from that of the normal group, this would provide 
further evidence of an adaptive recovery. Also the larger amount of GM in the ELGAN is 
also contrary to studies that have shown that the cerebral cortical gray matter is reduced 
at delivery of the infant due to the degradation of the white matter from the inflammation 
 40 
reaction
60
. It would also be of interest to be able to specifically locate the concentration 
and location of the increased gray matter to see where this adaptive development takes 
place in preterm children. The location of the additional gray matter could point to the 
often noted developmental differences in preterm children. The male subset had slightly 
differing results than that of the female subset, and showed no increase in the average 
volume of GM, which may be due to  differing adaptive processes in the male and female 
brain or a sample bias due to the limited cohort size. 
When comparing the averages brain volumes between genders of the same cohort, 
it can be noted that the male has a larger brain volume average for both the ELGAN and 
normal term cohort. The data of the normal term cohort is in agreement with what is 
found in recent literature and from observing the averages, it can be seen that the larger 
male brain is due to the larger amount of white matter and gray matter
61
. The CSF is not a 
contributing factor to this case, but does show that males have a lower ratio of CSF to 
overall brain matter than females. In the ELGAN cohort, the larger male brain is due to 
the larger amount of white matter and CSF. This indicates potentially different 
developmental and adaptive processes in the male and female brains.  
When comparing between cohorts and genders, it can be seen that although there 
is a larger average amount of white matter in the preterm male brain, it is not larger than 
the average amount of the normal term male brain. This means that the differences in 
processes that allow for the growth of white matter between males and females remains 
untouched by a preterm delivery. The development of gray matter is different as it is 
males appear to lack a coping mechanism that allows females to develop more gray 
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matter due to a preterm delivery. This accounts for the similar average gray matter 
volumes between the males and females in the ELGAN cohort group. Taking into 
consideration that the CSF volume is dilated in both the preterm and normal term 
children and preterm males have higher CSF volumes than females, it appears that a 
preterm delivery may alter mechanisms that allow for the preservation of similar CSF 
volumes regardless of gender. 
Observing the asymmetry between the two cohorts, there is a distinct difference in 
the degree of asymmetry between the ELGAN and normal term children. The normal 
term cohort, expresses little to no asymmetry, with only the white matter in all the subsets 
(total, female and male) showing a statistically significant degree of asymmetry. 
Therefore, from the data it appears that both the females and males have a higher degree 
of asymmetry between the right and left hemispheres, with the white matter on the right 
side tending to be larger on the right side than that of the left side of the brain. When 
looking at the paired t-test values for the ELGAN patients, it becomes clear that a 
premature delivery results in a more severe degree of asymmetry between the right and 
left halves of the brain. This degree of asymmetry is regular in the intracranial matter, 
gray matter and white matter (but only in females) and it is consistently the right side that 
is larger than the left. In subsequent studies, further segmentation and statistical analysis 
of the components of each side will be necessary to understand whether the imbalance is 
due primarily to one particular area of the brain that causes this shift, or whether it is an 
overall and evenly distributed growth of the right side relative to the left. 
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The white matter in the preterm males, showed no asymmetry, and this fact taken 
into consideration with the fact that the average volumes of the white matter were not 
changed in pre-term males relative to normal term males indicates that the preterm 
delivery may alter the natural processes that account for the slightly larger amount of 
white matter on the right side of the brain. However, the white matter in the females did 
show a degree of asymmetry with the right white matter larger than that of the left, and 
this maintenance of asymmetry may indicate that the pre-term birth may have more of an 
impact in the normal development of white matter in males than in females. This also 
indicates that the adaptive recovery of germinal matrix hemorrhaging – which is very 
likely to have happened in all of the ELGAN patients due to their very low gestational 
age, and their elevated CSF volumes – involves processes that reduce the impact of the 
random nature of the location of the hemorrhage. The location of the hemorrhage is a 
random event, and the impact of the hemorrhage on localized tissue should alter the 
tissue composition in that area, as necrosis may occur. With this in mind, a consistent 
relative right side increase in brain matter should not occur as tissue should be randomly 
affected on both sides. The data suggests then an adaptive asymmetrical mechanism for 
the developing preterm brain.  
 
Limitations 
 The figures obtained in the data may not accurately represent a normal 
distribution as the bin size may alter the shape of the curve, when considering the fact 
that the sample size for the male and female subset of the normal cohort is relatively 
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small. The data obtained from this experiment also contradicts the results found in 
Qingde Zhao’s results from the ELGAN study, as his results show that the gray matter is 
shown not to be consistently increased in the preterm subject as compared to a normal 
term patient, but show both increases and decreases. Also, in his study the white matter is 
shown to be consistently relatively lower in the ELGAN population compared with the 
normal population, which is directly contradicts the results found in this thesis
62
. These 
disagreements suggest that there may have been possible issues with processing. When 
processing the data, there were difficulties in attaining the parameters that allowed for 
accurate segmentation of the intracranial matter. One potential source of this possible 
error would be that the conversions from Nifti to the Mathcad format may have slightly 
deteriorated the normal subjects’ image quality. Therefore, this may account for the 
uncertainty in the volumetrics and the image processing chain may not have been as 
accurate as it had been in the ELGAN sister study.   
 44 
APPENDIX 
 
Appendix A. List of Institutions Involved in the ELGAN Study Amended 
from the ELGAN study Website
63
 
Baystate Medical Center, Boston Children’s Hospital, Massachusetts General Hospital, 
New England Medical Center, University of Massachusetts Memorial Health Center, 
Yale – New Haven Hospital, University Health Systems of Eastern Carolina, North 
Carolina Children’s Hospital, DeVos Children’s Hospital, Sparrow Hospital, Michigan 
State University, University of Chicago Hospital, William Beaumont Hospital. 
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Appendix B:  Parent Childhood Behavior Checklist Amended from Objective 
1 Protocol Manual of NIH Study of Normal Brain Development
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Appendix C:  Exclusion Criteria Table Amended from Objective 1 Protocol 
Manual of NIH Study of Normal Brain Development
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